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Gravitational collapse of a circularly symmetric star in an
anti-de Sitter spacetime
Ranjan Sharma1,a, Shyam Das1,b, Farook
Rahaman2,c and Gopal Chandra Shit2,d
Abstract We investigate the collapse of a circularly
symmetric star with outgoing radiation in (2 + 1)-
dimensional anti-de Sitter spacetime. The exterior
spacetime of the collapsing star is assumed to be de-
scribed by the non-static generalization of the Ban˜ados,
Teitelboim and Zanelli [Phys. Rev. Lett. 69 (1992)
1849 ] metric. Making use of the junction conditions
joining smoothly the interior and the exterior space-
times across the boundary, we analyze the impacts of
various factors on the evolution of the star which be-
gins its collapse from an initial static configuration. In
particular, depending on initial conditions, two possible
outcomes of the collapse process are shown: (i) forma-
tion of a BTZ black hole; and (ii) evaporation of all
mass-energy even before the singularity is reached.
Keywords (2 + 1)-dimensional gravity; gravitational
collapse; exact solution; BTZ spacetime.
1 Introduction
One of the most fundamental problems in general rela-
tivity is the successful prediction of the final stage of a
gravitationally collapsing system. During the collapse
of a massive star matter can reach extreme conditions
in which nothing can stop the collapse. The general
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relativistic prediction in such a situation is the forma-
tion of a spacetime singularity. The state of singularity
may be a naked one in the sense that light rays emanat-
ing from it can reach any far-away observer or a black
hole implying that light rays from it may be trapped
within its event horizon (Joshi 1993). As of now, our
understanding about the final outcome of a gravitation-
ally collapsing object is known to rely on a couple of
adopted conjectures only (Joshi 1993; Thorne 1972).
Understanding the characteristics and subsequent end
stage of a collapsing system is not just important from
the theoretical point of view, it has tremendous ob-
servational consequences as well (Virbhadra and Ellis
2002; Virbhadra and Keeton 2008). Though quantum
theories are expected to play a dominant in the late
stages of a collapsing matter, the theoretical frame-
work of quantum gravity remains unaccomplished till
date. Consequently, in the absence of any physical or
mathematical theory governing gravitational collapse,
studies of collapsing systems composed of a wide vari-
ety of matter distributions with or without dissipation
in different background spacetimes within the realm of
classical gravity are expected to play a key role in pro-
moting our understanding about the nature and final
outcome of the collapsing system.
Realistic modelling of a collapsing matter source in
classical gravity is, however, extremely difficult due to
highly non-linear nature of the governing field equa-
tions. Various simplifying techniques are often adopted
to generate models of collapsing systems. Studies of a
highly idealized dust cloud collapsing under the influ-
ence of its own gravity was a first step in this direction
(Oppenheimer and Snyder 1939). Later, Vaidya (1953)
metric describing the exterior gravitational field of a ra-
diating fluid sphere and subsequent junction conditions
obtained by Santos (1985) have enabled many investi-
gators to construct and analyze a large variety of col-
2lapsing systems (see e.g., Joshi and Malafarina (2011)
and references therein).
Mathematical complexities involved in a generally
covariant four dimensional gravitating system have
prompted many investigators to carry out similar of
studies in lower dimensions as well. In fact, (2 + 1)-
dimensional gravity has became extremely fascinating
with the discovery of the black hole solution obtained
by Ban˜ados, Teitelboim and Zanelli (henceforth BTZ)
(Ban˜ados et al 1992). The BTZ metric is an exact so-
lution of the Einstein’s field equations describing the
exterior gravitational field of a circularly symmetric
Einstein-Maxwell system in the presence of a negative
cosmological constant and is characterized by its mass,
angular momentum and charge (Carlip 1995, 1998).
The fact that (in the presence of a negative cosmo-
logical constant) there exists a black hole solution in
(2 + 1)-dimensional gravity has inspired many investi-
gators to develop and study equilibrium configurations
of circularly symmetric self-gravitating systems in anti-
de Sitter spacetimes. In particular, interior solutions
corresponding to exterior BTZ spacetime have been
developed and analyzed by Cruz and Zanelli (1995),
Cruz et al (2005), Peixoto and Katanaev (2007), Sa´
(1999), Sharma et al (2011), Garc´ıa and Campuzano
(2003), Banerjee et al (2013, 2015), Rahaman et al
(2013), Cataldo and Salgado (1996) and Garcia (2004).
Recently, a non-commutative geometry inspired 3-
dimensional charged black hole solution has been re-
ported (Rahaman et al 2015).
The objective of the current investigation is to
construct a model of a circularly symmetric collaps-
ing matter source in an anti-de Sitter background
spacetime and analyze its subsequent evolution. Ear-
lier, Mann and Ross (1993) have investigated the cir-
cumstances under which a gravitationally collaps-
ing dust cloud would form a black hole in (2 + 1)-
dimensional spacetime. By considering the three-
dimensional analogue of Oppenheimer-Snyder collapse,
they have shown that a stationary BTZ black hole
might be a natural consequence of the collapsing dust
in the presence of a negative cosmological constant.
Later, Mann and Oh (2006, 2008) have demonstrated
that a collapsing dust shell might not necessarily end to
a black hole. By incorporating a cosmological constant
term, Gutti (2005) have analyzed (2 + 1)-dimensional
gravitational collapse of a spherically symmetric inho-
mogeneous dust and discussed the nature of singularity
which was found to depend on the values of the cos-
mological constant. Gutti and Singh (2007) have in-
vestigated the creation of quantum particles during the
collapse of a circularly symmetric dust with or without
a cosmological constant term. Self-similar solutions
corresponding to the collapse of a circularly symmetric
anisotropic fluid have been proposed by Martins et al
(2010). Gravitational collapse of a self-similar perfect
fluid in (2 + 1)-dimensions has also been analyzed by
Miguelote (2004) where it has been shown that both
black holes and naked singularities might be the possi-
ble end states of collapse. Chan et al (2006) have inves-
tigated the gravitational collapse of a massless scalar
field in the presence of a negative cosmological constant
in 3-dimensions. The critical behaviour of a massless
scalar field near the black hole threshold has been ana-
lyzed by Choptuik (1993) and a mass scaling law for the
formation of the black hole has been proposed. To test
the CCC, Ghosh (2012) has developed a new class of
exact non-static charged BTZ-like solutions in (n+ 1)-
dimensions describing the gravitational collapse of a
charged null fluid in an anti-de Sitter spacetime.
In this work, we plan to develop model of a circularly
symmetric collapsing matter source by specifying the
appropriate interior and exterior spacetimes and solving
the relevant junction conditions. Note that in (3+1) di-
mensions, Vaidya (1953) metric appropriately describes
the exterior gravitational field of a collapsing matter
cloud with outgoing radiation. In (3 + 1)-dimensional
anti-de Sitter spacetime, Lemos (1999) has studied the
process of gravitational collapse with outflowing radia-
tion. By introducing a cosmological constant term in
the Vaidya (1953) metric, Govender and Thirukkanesh
(2009) have investigated the nature of collapse of a
spherically symmetric matter source with dissipation.
In the braneworld scenario, while investigating the col-
lapse of a the null fluid which eventually collapses onto a
flat Minkowski cavity, Dadhich and Ghosh (2001) have
obtained a solution which is analogous to the Vaidya
solution. The (2 + 1)-dimensional analogue of Vaidya
metric describing the exterior gravitational field of a
collapsing null fluid in the presence of a negative cos-
mological constant, which is also a non-static gener-
alization of the uncharged and spin-less BTZ metric,
has been proposed independently by Virbhadra (1995)
and Hussain (1994, 1995). For the collapse of a ra-
diating matter source admitting an EOS of the form
p = kρ (k ≤ 1), Hussain (1995) has shown that the BTZ
solution might be regained as a special case for k = 1
while for k < 1, it would generate black hole solutions
with multiple apparent horizons. Assuming the back-
ground to be the non-static generalization of the BTZ
solution, Vagenas (2003) has analyzed the energy and
momentum distributions associated with a non-static
circularly symmetric spacetime. In our construction,
we assume that the exterior region of the collapsing
matter is described by the (2+1)-dimensional analogue
of Vaidya metric proposed and analyzed by Virbhadra
(1995) and Hussain (1994, 1995).
3The paper has been organized as follows. In Sec. 2,
the field equations for a circularly symmetric collaps-
ing star in an anti-de Sitter spacetime have been laid
down. The junction conditions joining smoothly the
interior and exterior spacetimes have been obtained in
Sec. 3. The junction conditions yield a non-linear dif-
ferential equation which governs the overall evolution
of the star. We have solved the temporal equation in
Sec. 4. Making use of a solution corresponding to an
initial static configuration, we have generated a specific
collapsing model in Sec. 5. Physical processes during
the evolutionary stages of the collapsing star have been
analyzed in Sec. 6 and some concluding remarks have
been made in Sec. 7.
2 Field equations
In (3 + 1)-dimensions, the Vaidya (1953) solution de-
scribing the exterior spacetime of a spherically sym-
metric collapsing matter with outgoing radiation in the
presence of a cosmological constant has the form
ds2+ = −
(
1− 2m(u)
r˜
− Λr˜
2
3
)
du2 − 2dudr˜
+r˜2(dθ2 + sin θ2dφ2). (1)
The (2+1)-dimensional analogue of the metric (1) rep-
resenting the exterior of a non-static circularly sym-
metric source in the presence of a negative cosmologi-
cal constant and null fluid, reported independently by
Virbhadra (1995) and Hussain (1994, 1995), has the
form
ds2+ = −(−m(u)− Λr˜2)du2 − 2dudr˜ + r˜2dθ2, (2)
in system of coordinates (u, r˜, θ). By introducing a co-
ordinate transformation
u = t−
∫
dr˜
−m(u)− Λr˜2
and setting m(u) = M0, the metric (2) can be reduced
to the well-known spin-zero BTZ metric
ds2BTZ = −(−M0−Λr˜2)dt2+
dr˜2
−M0 − Λr˜2 + r˜
2dθ2, (3)
describing a BTZ star whose event horizon is located at
r˜ =
√
−M0Λ . In our construction, we assume that the
collapse begins from an initial configuration of radius
r0 >
√
−M0Λ and the exterior region of the subsequent
collapsing star is described by the metric (2). We couch
the interior spacetime of the collapsing star in the form
ds2− = −e2ν(r,t)dt2 + e2µ(r,t)dr2 + r2s2(t)dθ2, (4)
where ν(r, t), µ(r, t) and s(t) are yet to be specified.
The energy-momentum tensor of the material composi-
tion filling the interior of the collapsing star with out-
going radiation is assumed to be
Tαβ = (ρ+pt)uαuβ+ptgαβ+(pr−pt)χαχβ+ǫlαlβ, (5)
where, ρ represents the energy density, pt and pr repre-
sent tangential and radial fluid pressures, respectively
and ǫ is the energy density of the outflowing radiation.
In (5), χα is the unit 3-vector along the radial direc-
tion, lα is a radially directed null 3-vector and uα is the
3-velocity of the fluid satisfying the following relations:
uαuα = −1, lαuα = −1, lαlα = 0, χαχα = 1,
χαuα = 0, u
α = e−νδαt , l
α = e−νδαt + e
−µδαr .
The Einstein’s field equations (we set G = 1 and
c = 1)
Rαβ − 1
2
gαβR = 2πTαβ − Λgαβ, (6)
then yield a system of the following four independent
equations:
2π(ρ+ ǫ) + Λ =
s˙µ˙e−2ν
s
+
µ′e−2µ
r
, (7)
2π(pr + ǫ)− Λ = ν
′e−2µ
r
+
e−2ν{−s¨+ s˙ν˙}
s
, (8)
2πpt − Λ = e−2ν{µ˙(ν˙ − µ˙)− µ¨}
+e−2µ{−ν′µ′ + ν′2 + ν′′}, (9)
2πǫ = −sµ˙+ s˙{−1 + rν
′}
rs
e−(ν+µ). (10)
Physical behaviour of the collapsing star can be under-
stood by solving the above set of equations.
3 Junction conditions
In order to obtain the necessary junction conditions
joining the interior V − and exterior V + spacetimes, we
follow the prescription of Israel (1966), which demands
that the first and second fundamental forms of the in-
terior and exterior spacetimes be continuous across the
junction hyper-surface Σ, a time-like matching surface
dividing the two distinct regions of the collapsing sys-
tem. If gij be the intrinsic metric to Σ so that
ds2Σ = gijdξ
idξj , i = 1, 2 (11)
and g±αβ be the metric corresponding to V
± so that
ds2± = g
±
αβdχ
α
±dχ
β
±, α = 0, 1, 2 (12)
then the first junction condition is obtained from the
following requirement:
(ds2−)Σ = (ds
2
+)Σ = ds
2
Σ. (13)
4The second junction can be obtained by matching the
extrinsic curvatures:
(K+ij )Σ = (K
−
ij )Σ, (14)
where,
K±ij = −n±α
∂2χα±
∂ξi∂ξj
− n±αΓαµν
∂χµ±
∂ξi
∂χν±
∂ξj
, (15)
In (15), n±α are the components of the normal vector to
Σ in χα± coordinates. We express the intrinsic metric
to Σ as
ds2Σ = gijdξ
idξj = −dτ2 + ℜ2(τ)dθ2. (16)
The junction condition (13) for the intrinsic metric (16)
corresponding to the interior spacetime (4) yields
eν(rΣ,t)
dt
dτ
= 1, (17)
rΣs(t) = ℜ(τ). (18)
For the interior region we have
f(r, t) = r − rΣ = 0. (19)
The vector with components ∂f∂χα
−
is orthogonal to Σ
and, therefore, the unit normal to Σ in coordinates χα−
is obtained as
n−α = {0, eµ(rΣ,t), 0}. (20)
The extrinsic curvatures corresponding to the interior
region are then obtained as
K−ττ = −e−µ(r,t)ν′(r, t), (21)
K−θθ = e
−µ(r,t)rs2(t), (22)
The junction condition (13) for the intrinsic metric (16)
corresponding to the exterior space-time (2) yields
r˜Σ(u) = ℜ(τ), (23)(
du
dτ
)−2
Σ
=
(
2
dr˜Σ
du
−m(u)− Λr˜2Σ
)
. (24)
Combining (18) and (23), we get
rΣs(t) = r˜Σ(u), (25)
For the exterior region, we have
f(r˜, u) = r˜ − r˜Σ(u) = 0, (26)
and
∂f
∂χα+
=
(
−dr˜Σ
du
, 1, 0
)
. (27)
The unit normal to Σ takes the form
n+α =
(
2
dr˜Σ
du
−m(u)− Λr˜2Σ
)− 1
2
(
−dr˜Σ
du
, 1, 0
)
. (28)
Combining Eqs. (24) and (28), we get
n+α =
(
−dr˜Σ
dτ
,
du
dτ
, 0
)
. (29)
The extrinsic curvatures corresponding to the exterior
region are then obtained as
K+ττ =
(
du
dτ
)[
−
(
d2r˜
dτ2
)
+ 3Λr˜
(
dr˜
dτ
)(
du
dτ
)
−1
2
(
du
dτ
)2{
2Λ2r˜3 + 2Λr˜m(u)− dm(u)
du
}
+
(
dr˜
du
)(
d2u
dτ2
)]
Σ
, (30)
K+θθ =
[
r˜
(
dr˜
dτ
)
−
(
du
dτ
)
(m(u) + Λr˜2)r˜
]
Σ
. (31)
Continuity of the extrinsic curvature parameters
(K+θθ)Σ = (K
−
θθ)Σ, (32)
yields
e−µ(rΣ,t)rΣs
2(t) =
[
r˜
(
dr˜
dτ
)
−(
du
dτ
)(
m(u) + Λr˜2
)
r˜
]
Σ
. (33)
Using Eqs. (18) and (23), we rewrite Eq. (33) as
e−µ(rΣ,t)s(t) =
[(
dr˜
dτ
)
−
(
du
dτ
)
(m(u) + Λr˜2)
]
Σ
. (34)
Continuity of the extrinsic curvature parameters
(K+ττ)Σ = (K
−
ττ)Σ, (35)
yields
− e−µ(rΣ,t)ν′(rΣ, t) =
(
du
dτ
)[
−
(
d2r˜
dτ2
)
+ 3Λr˜
(
dr˜
dτ
)(
du
dτ
)
−1
2
(
du
dτ
)2{
2Λ2r˜3 + 2Λr˜m(u)− dm(u)
du
}
+
(
dr˜
du
)(
d2u
dτ2
)]
Σ
. (36)
Using Eqs. (17), (18), (23), (24), (25) and (34), the
mass function is then obtained as
m(u)
Σ
= m(rΣ, t) =
[
s˙2r2Σe
−2ν(rΣ,t)
−s2e−2µ(rΣ,t) − Λr2Σs2
]
, (37)
5where, m(rΣ, t) is the total mass within a boundary
r = rΣ at any instant t.
From (36), we obtain [−e−µν′]
Σ
=[
e−ν
[
eν(−s˙+ sµ˙) + eµr(e2νΛs− s¨+ s˙ν˙)]
eνs+ eµrs˙
]
Σ
, (38)
which on rearrangement takes the form
Λ +
ν′e−2µ
r
+
e−2ν{−s¨+ s˙ν˙}
s
+
e−(µ+ν)
{
sµ˙+ s˙{−1 + rν′}
rs
}
Σ
= 0. (39)
Using Eqs. (8) and (10) in (39), we obtain
pr
Σ
= 0. (40)
To generate a dynamical model, we need to determine
s(t) which can be obtained by solving the junction con-
dition (40).
4 Determination of s(t)
We assume that the metric potentials in Eq. (4) are
separable in their variables and accordingly we write
eν(r,t) = eν0(r), eµ(r,t) = eµ0(r)s(t), (41)
where the time-dependent part of the metric potential
gtt gets absorbed. The advantage of the above assump-
tion is that one can regain the interior spacetime of a
static circularly symmetric BTZ star described by the
metric potentials (ν0(r), µ0(r)) simply by setting s = 1.
Combining Eqs. (8) and (10) and making use of the
junction condition (40), we then have
ss¨− as˙− bs2 − c = 0. (42)
where,
a =
[
ν′0e
(ν0−µ0)
]
Σ
, b =
[
Λe2ν0
]
Σ
, c =
[
ν′0e
2(ν0−µ0)/r
]
Σ
are constants evaluated at the surface Σ. Eq. (42) gov-
erns the temporal behaviour of the collapsing matter.
Solution of Eq. (42) in closed form is not available.
If we set eγ0(r) = 1, Eq. (42) reduces to
s¨− bs = 0, (43)
which admits a solution
s(t) = A1 cos
√
−bt+A2 sin
√
−bt, (44)
where A1 and A2 are integration constants. This class
of solutions can utilized to model a collapsing dust sur-
rounded by vacuum, i.e., no radiation field as shown by
Mann and Ross (1993).
For eγ0(r) 6= 1, making use of the homotopy pertur-
bative approach, we propose an approximate solution
of Eq. (42) in the form
s(t) = c1 + c2t+ c3t
2 + ....., (45)
where
c2 =
(a2 + b− c)±
√
(c− b− a2)2 + 4a2(b+ c)
2a
,
c3 =
1
4
[(a2 + b− c)±
√
(c− b− a2)2 + 4a2(b+ c)]
+
(b+ c)
2
,
and c1 are constants.
Let us assume that the collapse begins from an initial
static configuration at time ti. Then, we must have (i)
s(ti) = 1 and (ii) s˙(ti) = 0. The collapse will continue
till the event horizon is formed at time th.
Condition (i) yields
ti =
−c2 ±
√
c22 − 4c3(c1 − 1)
2c3
. (46)
Condition (ii) yields
ti = − c2
2c3
. (47)
Combining Eqs. (46) and (47), we get
c1 = 1 +
c22
4c3
. (48)
The constants a, b and c can be conveniently fixed so as
to satisfy the above requirement. In our construction,
without any loss of generality, we set c1 = 1 and c2 = 0
satisfying the above requirements so that the solution
(45) takes the form
s(t) = 1 +
(b+ c)
2
t2. (49)
Eq. (49) implies that the collapse begins at ti = 0. For
a contracting ring, we must have s˙ < 0 which can be
achieved by fulfilling the condition b+ c < 0.
5 A particular model
After finding the solution for s(t), the problem of gener-
ating the collapsing model is now reduced to specifying
6a suitable solution for the metric potentials ν0(r) and
µ0(r) describing the initial static configuration. For the
initial static configuration, we take the class of solu-
tions for a stationary circularly symmetric star in anti-
de Sitter space obtained by Banerjee et al (2015). The
solution has been obtained for an anisotropic matter
distribution satisfying a linear equation of state of the
form pr = αρ+ β and can be expressed as
µ0 =
Ar2
2
, (50)
ν0 =
αAr2
2
−
(
αΛ + Λ− 2πβ
2A
)
eAr
2
+ δ. (51)
In (50) and (51), A, α, β and δ are constants which
can be determined from the appropriate boundary con-
ditions. Matching the interior solution to the static
exterior BTZ metric at the boundary of the star r0 >√
−M0Λ and imposing the condition pr(r = r0) = 0, we
have
A = − 1
r20
ln(−M0 − Λr20), (52)
r0 =
1√
A
[
ln
(
Aα
αΛ− 2πβ
)]1/2
, (53)
δ =
αΛ + Λ− 2πβ
2A(−M0 − Λr20)
− Ar
2
0(1 + α)
2
. (54)
It has been shown that the solution is well behaved
and satisfies all the regularity conditions required for a
physically viable model (Banerjee et al 2015). As the
collapse begins from the initial static configuration, the
dynamical variables take the form
2π(ρ+ ǫ) + Λ =
s˙2e−2ν0
s2
+
µ′0e
−2µ0
rs2
, (55)
2π(pr + ǫ)− Λ = ν
′
0e
−2µ0
rs2
− s¨e
−2ν0
s
, (56)
2πpt − Λ = e
−2µ0(−ν′0µ′0 + ν′02 + ν′′0 )
s2
− s¨e
−2ν0
s
, (57)
2πǫ = − s˙
s
ν′0e
−(ν0+µ0). (58)
From Eq. (58), we note that at the onset of collapse
ǫ = 0 (since s˙(ti = 0) = 0). During the evolution, ǫ will
be positive if ν′0 remains positive since s˙ < 0.
Using Eq. (37), we express the total mass of the col-
lapsing star at a given instant t within the shrinking
boundary rΣ = r0s(t) as
m(r, t)
Σ
=
[
s˙2r2e−2ν0(r) − e−2µ0(r) − Λr2s2
]
. (59)
Fig. 1 Evolution of the scale factor s(t)
Substituting s = 1 and s˙ = 0 in (59), we get
M0 =
[
−e−2µ0(r) − Λr2
]
Σ
, (60)
as in Banerjee et al (2015) paper.
6 Physical analysis
Making use of the developed model, we adopt numeri-
cal techniques to investigate the role of various factors
governing the collapse process.
• Case I:
Let the initial stage of the collapsing configuration
is characterized by M0 = 0.8 and r0 = 10 and
Λ = −0.01. Since three out of the four remain-
ing model parameters (A, δ, α and β) can be fixed
by solving Eqs. (52)-(54), we are free to choose one
more parameter and, accordingly, we assume α = 0.1.
The constants are then obtained as A = 0.0161,
β = −0.0002 and δ = 14.6982. Using the set of
values, we have shown graphically behaviour of the
physical quantities. We have shown how the scale
factor s(t), total mass m(rΣ, t) and radius r0s(t) de-
crease from their initial values in figures (1), (2) and
(3), respectively. The radiation density is zero ini-
tially and increases as time progresses as shown in
Fig. (4). The energy-density evaluated at the bound-
ary also increases with time as shown in Fig. (5). The
horizon radius rh =
√
−M0Λ = 8.9443, in this case, is
reached at time th = 0.0016 where the mass is finite
and positive implying the formation of a BTZ black
hole.
• Case II:
Next, we choose M0 = 0.2, r0 = 5 and Λ = −0.02.
For assumed value of α = 0.3, the constants are
then calculated as A = 0.0482, β = −0.0016 and
7Fig. 2 Evolution of the total mass m(rΣ, t)
Fig. 3 Evolution of radius r0s(t)
δ = 9.7497. If we choose α = 0.36, the constants take
the values A = 0.0482, β = −0.002 and δ = 11.8201.
We have compared evolution of physical quantities
for two different EOS parameter α in Fig. (6)-(10).
The plots show the impact of the EOS parameter α
on the collapse processes. We note that for a com-
paratively softer EOS, it takes more time to approach
the horizon radius. This is also evident from the col-
lapse rate
Θ = uβ;β =
3s˙
s
e−γ0
for two different values of α as shown in Fig. (11).
It should stressed here that the initial configura-
tion, in our construction, is expected reach its horizon
radius rh =
√
−M0Λ = 3.16228 at times th = 0.1412
and 0.0201 for assumed values of α = 0.3 and 0.36, re-
spectively. However, it turns out that the total mass
approaches zero even before the shrinking boundary
reaches its horizon radius in both the cases. Similar
results, in the context of (3 + 1)-dimensional gravi-
tational collapse, have been reported in some earlier
works (Banerjee et al 2002; Pinheiro and Chan 2011;
Sharma et al 2015).
It’s interesting to note that the collapse end state in
this case is neither a black hole nor a naked singularity.
Fig. 4 Evolution of radiation density ǫ(rΣ, t)
Fig. 5 Evolution of surface density ρ(rΣ, t)
In fact, the mass of the collapsing configuration tends
to zero indicating that all the energy is radiated away
even before the formation of the apparent horizon. We
have checked that the initial static configuration is well
behaved and the energy conditions are not violated. In
Fig. (12) and (13), we have shown that the respective
energy-density and the radial pressure remain positive
throughout the configuration which suggests fulfillment
of (at least) the weak energy condition.
7 Concluding remarks
In this paper, we have analyzed gravitational collapse of
a 3-dimensional star emanating radiation whose exte-
rior spacetime is described by the non-static generaliza-
tion of the uncharged and spin-zero BTZ metric. In our
model, the collapse begins from an initial configuration
which is well-behaved and matter content of the ini-
tial configuration admits a linear equation of state. We
have successfully established a link between the collapse
rate and the EOS parameter. By considering different
initial configurations, we have also investigated the role
8Fig. 6 Evolution of the scale factor s(t) for different values
of the EOS parameter α
Fig. 7 Evolution of the total mass m(rΣ, t) for different
values of the EOS parameter α
of initial conditions on the collapse processes. Our re-
sults show that, for a given initial configuration and in
the presence of a negative cosmological constant, the
collapse eventually terminates with the formation of a
BTZ black hole (Case I). However, we have also pointed
out the possibility in which the mass of the collapsing
star might disappear completely due to radiation even
before the formation of the apparent horizon (Case II).
Though, under what circumstances, all the energy gets
evaporated rather than forming a black hole is not ob-
vious, our studies clearly indicate the role of the initial
conditions on the final fate of the collapse.
To conclude, our approach brings out to attention
the role of initial conditions on the evolution of a cir-
cularly symmetric collapsing matter in the presence of
radiation. In the context of cosmic censorship conjec-
ture (Joshi 1993), we note that while the initial con-
figuration studied in Case I terminates into a black
hole, it is not so in Case II. However, this does not
indicate that the collapsing matter terminates into a
naked singularity. In fact, even before the formation
of the apparent horizon, the total mass of the partic-
Fig. 8 Evolution of the radiation density ǫ(rΣ, t) for dif-
ferent values of the EOS parameter α
Fig. 9 Evolution of radius r0s(t) for different values of the
EOS parameter α
ular collapsing configuration tends to zero as collapse
progresses. It is to be stressed that the assumptions
made in our approach to construct an artificial collaps-
ing model are physically reasonable and mathematically
coherent. Further, our results are in agreement with the
observations made in more realistic (3+1)-dimensional
collapsing models studied in Ref. (Banerjee et al 2002;
Pinheiro and Chan 2011; Sharma et al 2015).
Acknowledgements
RS and FR gratefully acknowledge support from the
Inter-University Centre for Astronomy and Astro-
physics (IUCAA), Pune, India, where a part of this
work was carried out under its Visiting Research Asso-
ciateship Programme.
9Fig. 10 Evolution of surface density ρ(rΣ, t) for different
values of the EOS parameter α
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